Background: While the neurotensin (NT) roles in pancreatic cancer growth are well documented, its effects on pancreatic cancer cell migration have not been described. Methods: The NT-induced effects on the migration process of human pancreatic ductal adenocarcinoma cells (PDACs) were characterized by means of various assays including computer-assisted videomicroscopy, fluorescence microscopy, ELISA-based, small GTPase pull-down and phosphorylation assays. Results: The NTinduced modifications on in vitro PDACs migration largely depended on the extra-cellular matrix environment and cell propensity to migrate collectively or individually. While NT significantly reduced the level of migration of collectively migrating PDACs on vitronectin, it significantly increased the level of individually migrating PDACs. These effects were mainly mediated through the sortilin/NTR3 receptor. Neurotensin both induced altered expression of αV and β5 integrin subunits in PDACs cultured on vitronectin resulting in modified adhesion abilities, and caused modifications to the organization of the actin cytoskeleton through the NT-mediated activation of small Rho GTPases. While the NT effects on individually migrating PDACs were mediated at least through the EGFR/ERK signaling pathways, those on collectively migrating PDACs appeared highly dependent on the PI 3-kinase pathway. Conclusion: This study strongly suggests the involvement of neurotensin in the modulation of human PDAC migration.
Introduction
Pancreatic adenocarcinomas are one of the most common causes of death from cancer in the United States [18] . The overall cumulative 5-year survival rates are below 1% because most pancreatic ductal adenocarcinoma (PDA) patients are diagnosed at an advanced stage and the disease has a definite leaning towards undetected metastases [18] . The processes of pancreatic cancer initiation, progression and metastasis are still not fully understood [18] but a striking feature of pancreatic cancer development involves the presence of neurotensin (NT) receptors (NTRs) in a large majority of PDACs whereas endocrine pancreatic cancers, chronic pancreatitis and normal pancreatic acini, ducts and islets do not express NTRs [38, 46] . It is thus presumed that NT and its receptors are involved in PDA initiation and/or development. At least three subtypes of NTRs have been cloned (NTR1, NTR2 and sortilin/NTR3 from the Vps10p-domain receptor family, and also SorLA). The high-affinity NTR1 (also known as NTS1) and the low affinity NTR2 (also known as NTS2) belong to the seven transmembrane domain/G protein-coupled receptor (GPCR) family [20, 38, 46] . NT also binds to some members of the Vps10p-domain receptor family such as the gp95/ sortilin receptor (also designated as sortilin/NTR3). This is a single transmembrane domain sorting recep-tor predominantly associated with vesicular organelles and the Golgi apparatus [20, 37] . NT which is a tridecapeptide originally isolated from bovine hypothalami has a wide range of biological activities when acting on the cardiovascular, gastrointestinal, reproductive and central nervous systems (for reviews see [5, 39, 44, 46] ). In the gastrointestinal tract NT has trophic effects on the large and small intestine, the pancreas, and the stomach; NT inhibits small intestine and gastric motility and stimulates colonic motor activity [5, 39, 44, 46] . NT is also a proinflammatory neuropeptide in colonic inflammation [5] and regulates the growth levels of a large majority of cancers [4, 5, 29, 39, 44, 46] , including those of the pancreas [16, 17, 40] . While NT-mediated effects on cell migration features have already been reported for human microglia [30] , cutaneous T cell lymphoma cells [27] and astrocytoma cells [42] , nothing has been published to date, at least to the best of our knowledge, on the potential role of NT in pancreatic cancer cell migration. This topic is thus the subject of the present study.
Cell migration at the single cell level is a very complex biological process of coordinated steps, and a clear distinction has to be drawn between so-called collective cell -as opposed to single cell-migration [7, 28] . An additional level of complexity appears with respect to the characterization of cell migration features in pancreatic cancers, i.e. the cross-talk between the extra-cellular matrix (ECM) and pancreatic cancer cells. Indeed, alterations to the ECM composition are a key feature of ductal adenocarcinomas of the pancreas, which differ from other solid tumors in their enormous production and deposition of ECM around the tumor cells [24, 25] . In addition to mesenchymal cells, the epithelial tumor cells themselves contribute to the production and assembly of ECM proteins [24, 25] . Of these proteins vitronectin is a major ECM component synthesized and secreted by PDACs [24, 25] . All these biological features have been taken into account in our assessment of the characterization of NT-mediated effects on human pancreas cancer cell migration.
Materials and methods

Human pancreatic ductal adenocarcinoma cell lines
All the cell lines used in this study were obtained from the American Type Culture Collection (ATCC, Manassas, VA), i.e. the Bx-PC3 (CRL-1687), the Capan-1 (HTB-79), the CF-PAC (CRL-1918) and the Capan-2 (HTB-80) models. The pancreatic origin of these cells was confirmed by means of standard immunochemical markers, i.e. CA19.9 (carbohydrate antigen 19.9) positivity, CK7 (cytokeratin-7) positivity and CK20 (cytokeratin-20) negativity (data not shown).
Compounds
Neurotensin, levocabastine (a NTR2 antagonist used at a final concentration of 1 µM) and human laminin, fibronectin and collagen-I were purchased from SigmaAldrich (Bornem, Belgium), while human vitronectin and tenascin came from Biognost (Heule, Belgium). Phallacidin, ionomycin and Fura-2-AM were obtained from Invitrogen (Merelbeke, Belgium). Sortilin/NTR3 antagonist pro-peptide resulting from the furin cleavage of the precursor form of sortilin/NTR3 [36] was synthesized by Eurogentec (Liège, Belgium) and was used at a final concentration of 1 µM, as already used in [30] . The NTR1 antagonist SR48692 was a gift from Sanofi-Synthelabo (Toulouse, France) and was used at a final concentration of 1 µM. Two EGFR inhibitors, i.e. AG-1468 and PD-153035 were obtained from Calbiochem (VWR, Leuven, Belgium). The PI 3-kinase inhibitor LY-294002 was obtained from Sigma-Aldrich (Bornem, Belgium) and was used at a final concentration of 50 µM.
Determination of expression of the ECM components and integrins in PDACs
The fluorescent detection of the ECM components and the integrin expression in PDACs cultured on glass cover slips was performed by means of computerassisted fluorescence microscopy, as previously described [2] . The anti-integrin αV and β3 antibodies were purchased from Becton Dickinson Biosciences (Erembodegem, Belgium) while the other antibodies (anti-integrin β1, anti-integrin β5, anti-vitronectin, anti-collagen-I, anti-tenascin, anti-laminin and antifibronectin) came from Santa Cruz Biotechnology (Tebu-Bio, Boechout, Belgium). Immunocytochemical expression of integrin subunits was evaluated in Bx-PC3 and Capan-2 cells in the absence and presence of NT (10 nM).
Western blotting
Cell extracts were prepared by the lysis of subconfluent PDACs directly in the boiling lysis buffer (10 mM Tris pH 7.4, 1 mM Na 3 O 4 V, 1% SDS, pH 7.4). 40 µg of extracted proteins (evaluated by the BCA protein assay; Pierce, Perbio Science, Erembodegem, Belgium) were loaded onto a denaturating polyacrylamide gel. Western blotting was carried out as detailed previously [31] . The primary antibodies: anti-NTR2 (1/50) and anti-NTR1 (1/20) were provided by respectively: AbCam, Cambridge, UK and Santa Cruz, Tebu-Bio, Boechout, Belgium. The antiserum against the sortilin/NTR3 was generated as detailed previously [36, 37] . The secondary antibodies were obtained from Pierce (PerbioScience, Erembodegem, Belgium) and AbCam (Cambridge, UK). Western blots were developed using the Pierce Supersignal Chemiluminescence system (PerbioScience, Erembodegem, Belgium).
Small GTPases activation assays
The activation of small GTPases (Rho, Rac1, cdc42) immediately following 15 min of 10 nM neurotensin treatment of PDACs seeded onto vitronectin-coated culture flasks was evaluated by pull-down-based assays (EZ-detect activation kits, Pierce, Erembodegem, Belgium) following the manufacturer's instructions.
Determination of EGFR phosphorylation levels and levels of total and phospho-p85 PI3K, FAK, Src and ERK expression
PDACs were incubated in the presence and absence of NT (10 nM). Each experimental condition was evaluated in triplicate. Thereafter the determination of EGFR tyrosine phosphorylation levels was performed using DuoSet®IC Human Phospho-EGFR ELISA (R&D Systems, Abingdon, UK) according to the instructions provided and using 100 µg of protein extract for the assay. The levels of p85 PI3K, FAK, Src and ERK expression were determined using the Fast Activated Cell-based ELISA (FACE™) Kit (Active Motif, Rixensart, Belgium).
Real-time RT-PCR
The procedures used for total RNA isolation, quality control and standard and real-time RT-PCR were identical to those published previously [21] . Real-time PCR reactions were performed with 20 ng of purified cDNA in a LightCycler thermocycler instrument (Roche Diagnostics) using LC-Fastart DNA Master SYBR Green 1 (Roche Diagnostics). After amplification, data analysis was carried out by means of the "Fit points" algorithm of the Lightcycler quantification software. A standard curve enabled the quantification of the samples to be effected.
The primers employed included: 
In vitro adhesion assay
PDACs were seeded onto vitronectin-coated (0.1 µg/ cm 2 ) 30 mm-cell culture dishes 24 h before the adhesion assay. The cells were treated with 10 nM NT for 4 hours and were then gently scraped using non-enzymatic methods in order to maintain the cell organization. The cells were then seeded onto αVβ5-mediated cell adhesion kit microplates (Chemicon, Biognost, Heule, Belgium) and incubated for 6 h (without any addition of NT). A monoclonal anti-αVβ5 antibody was immobilized onto a goat antimouse antibody coated microplate and used to capture cells expressing the αVβ5 integrin on their surfaces. The adherent cells were subsequently fixed and stained. The relative cell attachment was determined using absorbance readings. Each experimental condition was evaluated in triplicate.
In vitro motility assay
Human PDAC motility was defined using a device previously described [2, 6] that quantifies the trajectories of living cells maintained in culture. The greatest linear distance covered by each cell was calculated on the basis of these trajectories. This distance, normalized for the observation time for the cell analyzed, defined the Maximum Relative Distance from the point of Origin, i.e. the MRDO quantitative variable [2, 6] . PDACs cultured on vitronectin-coated (0.1 µg/cm 2 ) culture dishes were exposed to NT treatment at 0.1 and 10 nM. The data presented relate to the 25% of the most motile cells analyzed for each of the 4 human pancreas cancer cell lines under study. All the experiments were performed over 8 h and one image was recorded every 4 minutes. Since the analyses were conducted in sextuplicate, between 142 and 241 cells were analyzed for each experimental condition.
Characterization of the organization of the actin cytoskeleton
Fluorescent phallacidin conjugated with Alexa Fluor ® 488 fluorochrome (Molecular Probes Inc., Invitrogen, Merelbeke, Belgium) was used to label the fibrillar actin, and Alexa Fluor ® 594-conjugated DNAseI (Molecular Probes Inc) used to stain the globular actin. Prior to fluorescence staining, PDA cells were cultured on vitronectin-coated glass cover slips for 2 h in the absence of (controls) or presence of 10 nM NT as previously described [22, 31] .
Intracellular calcium measurements
Cells were cultured (30-50% confluence) on glass coverslips to quantify intra-cellular calcium levels ([Ca 2+ ] i ). [Ca 2+ ] i measurements were performed using Fura-2-AM as previously described [8] .
Data analyses
Statistical comparisons of more than 3 independent groups of data were made using the Kruskal-Wallis test (a non-parametric one-way analysis of variance). In cases where this test revealed some significant differences or where only two groups were involved, applying the Mann-Whitney test compared pairs of groups. All the statistical analyses were performed using Statistica (Statsoft, Tulsa, Oklahoma).
Results
Differential effects induced by NT on collectively and individually migrating human PDACs
As illustrated in Figs 1A-D, Capan-1 (Fig. 1A ) and Capan-2 (Fig. 1B) cells migrate collectively in contrast to Bx-PC3 (Fig. 1C) and CF-PAC (Fig. 1D ) cells which migrate individually. By analyzing the type of components secreted by these cell lines, it was observed that the collectively migrating cells (Capan-1 and -2) secreted more vitronectin than those migrating individually (Bx-PC3 and CF-PAC; data not shown). NT was also found to significantly (p < 0.01 to p < 0.001) decrease motility in the collectively migrating cell populations cultured on vitronectin, but significantly (p < 0.01 to p < 0.001) increased it in individually migrating cells (Fig. 1E) . These marked NT-induced dual effects observed with cells cultured on vitronectin were not seen when PDACs were cultured on other substrates (such as collagen-I, fibronectin, laminin and tenascin) on which lesser NT-induced effects were observed (data not shown).
Attempts to identify which types of NTRs could be involved in the NT-mediated effects on human PDACs migration
The presence of NTR1, NTR2 and sortilin/NTR3 were evidenced at both the mRNA (Fig. 1F) and protein (data not shown) level in the four human PDA cell lines under study. Given the similarities in the motility and NTRs profiles of Capan-1 versus Capan-2 and Bx-PC3 versus CF-PAC ( Figs 1E-F) , further investigations were confined to 10 nM NT-induced effects on the Capan-2 and Bx-PC3 cell lines alone. Using these two models it was observed that while the NTR1 antagonist SR48692 (SR: at 1 µM) and the NTR2 antagonist levocabastine (LV: at 1 µM) did not modify the NT-induced effects on cell motility (p > 0.05), the sortilin/NTR3 antagonist pro-peptide (PP: at 1 µM) did so in a statistically significant manner (p < 0.01; Fig. 1G ). Furthermore, while modification of [Ca 2+ ] i is a usual event encountered in the case of NTR1-mediated effects on cells (although the functionality of NTR1 cannot be completely assessed by [Ca 2+ ] i measurements) [9, 11] , it was observed that NT induced no modification in [Ca 2+ ] i in human PDACs (data not shown).
All these data suggest that NTR3 mediates the NTinduced effects on PDAC migration rather than NTR1 or 2. 
Modifications to the expression of αV and β5 integrins parallel the NT-induced modifications to human PDAC cell adhesion and migration on vitronectin
Expression levels of certain integrins involved in vitronectin-mediated adhesion and their variation in response to NT (10 nM) have been investigated. While there was no evidence of any NT-induced modification to β1 and β8 expression (data not shown), significant NT-induced changes (p < 0.01 to p < 0.001) were observed with respect to the levels of αV, β3 and β5 subunit expression. While dual effects were observed in the case of the β5 subunit between the collectively (Capan-2) and the individually migrating (Bx-PC3) cells ( Fig. 2A: gray and black bars respectively) , an increase in expression was observed in the case of the αV (Fig. 2A) and β3 subunits (data not shown) in the two cell types. Evaluation of αVβ5-mediated adhesion abilities by means of dynamic adhesion assay also demonstrated NT-induced dual effects on the two investigated cell types ( Fig. 2A) . 
NT modifies the organization of the actin cytoskeleton in human PDACs and affects the activation levels of Cdc42, Rho and Rac1
Figures 2C-F illustrate the distribution of fibrillary (green fluorescence) as opposed to globular (red fluorescence) actin in untreated (C, E) and 10 nM NTtreated (D, F) Capan-2 (C, D) and Bx-PC3 (E, F) cells. While F-actin is located at the edge of collectively migrating PDAC colonies (Fig. 2C) , individually migrating PDACs show high levels of F-actin located in each cell (Fig. 2E) . In both cell types, NT induces a clear decrease in the fibrillarly actin (Figs 2D, 2F) . In view of the differential NT-induced effects on cell motility (Fig. 1E ) it thus appears that an impairment of the highly organized cortical actin sub-cellular structures of collectively migrating PDACs should decrease the cells' migratory ability. In contrast, the transformation of the rigid actin cytoskeletons of individually migrating PDACs into a more flexible structure should enhance their migratory abilities.
In parallel to the actions on the actin cytoskeleton, Fig. 2B evidences various NT-induced modifications to the activation levels of cdc42, Rho and Rac1, with some differences between individually and collectively migrating cells. Without modifying its total level of expression, 10 nM NT activated Rac1 in individually migrating Bx-PC3 cells (in which basal levels of active Rac1 are low) while it seemed to have no effect on it in collectively migrating Capan-2 cells (in which the basal levels of Rac1 activation are high). The opposite was evidenced in the case of Rho, which was activated by 10 nM NT in Capan-2 cells and left unchanged in Bx-PC3 ones. In contrast, 10 nM NT stimulated cdc42 activation in both cell lines (without modifying the total level of expression).
Partial characterization of the signaling pathways activated by neurotensin with respect to its effects on human PDAC migration
In view of the data reported in the literature [1, 19, 34 ] the involvement of the EGFR/ERK and the PI3-K signaling pathways in the NT-induced effects on PDACs were investigated. The data in Fig. 3A show that 10 nM NT slightly (20-30% on average) and only transiently decreased the EGFR phosphorylation levels in the Capan-2 cells, but did so durably and in a more pronounced manner (43-52%) in the Bx-PC3 cells. However, the phospho-EGFR inhibitors AG-1468 and PD-153035 did not significantly modify the NT-induced effects on the motility of these two cell lines (data not shown). Additionally, 10 nM NT did not significantly modify the Src phosphorylation levels in either the Capan-2 or the Bx-PC3 cells (data not shown). Figure 3B shows that while 10 nM NT slightly (30% to 40% on average) and only transiently increased the ERK phosphorylation levels in the Capan-2 cells (gray bars), it did so in a more prolonged manner in the Bx-PC3 cells (black bars). Indeed in the case of Capan-2 cells ERK phosphorylation levels actually declined significantly at later time points, whereas the two cell types exhibited similar basal ERK phosphorylation levels (data not shown). Figure 3C shows that 10 nM NT clearly decreased the phosphorylation levels of the regulatory p85 PI 3-kinase subunit in the collectively migrating Capan-2 cells, but not in the Bx-PC3 individually migrating ones. Furthermore, a PI 3-kinase inhibitor (LY-294002) completely reversed the NT-induced effects on Capan-2 cell migration (Fig. 3D) . This suggests that NT may also be able to activate another pathway that results in the enhanced migration of Capan-2 cells in the absence of PI 3-kinase activation. As NT induces sortilin/NTR3 internalization, LY-294002 could disable sortilin/NTR3 recycling which depends on the PI 3-kinase pathway in particular [32] and could thus allow the activation of another pathway mediated by another receptor. Taken together, all these data suggest that NT modifies migration in collectively migrating Capan-2 cells independently (or only in a weakly dependent manner) of the EGFR/ERK signaling pathways, but in a highly dependent manner with respect to the PI 3-kinase pathway. A different situation seems to occur with respect to individually migrating Bx-PC3 cells, in which NT elicits clear modifications to EGFR/ERK phosphorylation levels, but not of PI 3-kinases.
Discussion
PDACs can adopt two different migration modes: collective-versus single-cell migration. Collective-cell movement could be a primary mechanism for invasion and metastasis by highly differentiated tumors, while single-cell movement could represent the typical invasion pattern of undifferentiated tumors [7, 12] . As emphasized by Hegerfeldt et al. [12] , single-cell and collective-cell migration strategies are both dependent on front-rear asymmetry driven by a dynamic leading edge and the coordinated detachment of the trailing edge. In single-cell migration forefront force generation is provided by adhesion receptors of the integrin family interacting with extracellular matrix components, a process which supports the concept of haptokinetic adhesion-dependent migration [7, 12] . Collectivecell movement requires that several cells grouped together by adhesive cell-cell contacts generate frontrear asymmetry via unipolar ruffling in the cells at the leading edge, while those at the trailing edge remain largely non-motile [7, 12, 28] . As is also illustrated by our results, the organization of the actin cytoskeleton plays a number of key roles in these two cell migration patterns.
The data from the present study evidence that neurotensin is able to affect PDAC migration at different levels. The NT-induced effects on PDAC migration are clearly modulated by the molecular nature of the ECM and by the fact that the PDACs migrate individually as opposed to collectively. The essential NT-induced effects are observed on vitronectin and are schematically summarized in Fig. 4 . As mentioned in the Introduction, NT binds to different NTR receptors with different levels of affinity. Furthermore, NT is able to bind directly to and to activate the bradykinin B2 receptor [35] and to inhibit the Na + /K + -ATPase activity [26] . Although significant amounts of NTR1, NTR2 and sortilin/NTR3 were evidenced in the different human PDA cell lines, further observations strongly suggested that NT acts mainly on cell migration modulators in PDACs through sortilin/NTR3. In contrast, data in the literature point to the direct involvement of NTR1 in the regulation of the growth of PDACs [16, 17, 40] . It should also be noted that upon sortilin/NTR3 engagement by neurotensin the NT/receptor complex is internalized and recycled intracellularly. This makes intracellular neurotensin signaling possible. Sortilin/NTR3 is also present on the surfaces of certain cancer cells and could be released to form a soluble protein able to bind exogenous NT [33] .
As represented in Fig. 4 , several reports [1, 19, 34] emphasize the interconnections and cross-talk of different signaling networks involving the molecular actors investigated in the present study. As reviewed by Iijima et al. [15] , PI 3-kinase is emerging as a key regulator of cell polarity -an essential event involved in collective and individual cell migration, as is pointed out above. To date, PI 3-kinase has also been shown to activate predominantly Rac1 and cdc42 [43, 45] . Many chemokines and growth factor receptors (including EGFR) engage Rac, cdc42 and/or RhoA by interfering with the PI 3-kinase pathway [3, 43] . In addition, the overexpression of RhoA-GTP induces the activation of EGFR, the dephosphorylation of focal adhesion kinase and increased motility in breast cancer cells [3] . The Ras-ERK pathway is regulated by integrin αVβ5 with consequences for cell proliferation, migration and angiogenesis [13] . More generally, integrins are known to play important regulatory roles in cell adhesion and migration [14] . In particular, integrins are able to activate both Rho and Rac [10] . GTPase cross-talk in migration is however complex. For example, activated Rac has been reported as decreasing or increasing Rho activity in different cell types [10, 41] , with possible negative feedback loops [23, 47] .
To investigate the NT-sortilin/NTR-3 effects on the aforementioned signaling pathways, a pro-peptide was used that is obtained from the furin cleavage of the precursor form of sortilin/NTR3. This pro-peptide which is a selective ligand of the soluble form of sortilin/NTR3 [30, 36] that has been shown to antagonize the exogenous effects of NT on C13NJ microglial cell migration [30] . In agreement with our data, these NTinduced effects (at concentrations ranging between 1 and 10 nM) comprise a profound modification of the F-actin cytoskeleton and the stimulation of the motility of these individually migrating microglial cells [30] . Sortilin/NTR3 activation in the case of these microglial cells leads to the phosphorylation of ERKs [30] , a feature also observed here with respect to the PDACs (Fig. 4) . The same authors also evidence a PI 3-kinasemediated upregulation of Akt phosphorylation [30] , a fact which was not observed in the present study (data not shown). However, a decrease in PI 3-kinase phosphorylation was observed in collectively Capan-2 migrating cells (Fig. 4) without any effect on the Akt phosphorylation status (data not shown). Investigation of other pathways, in particular those involving Src, urokinase-type plasminogen activator / focal adhesion kinase (uPA/FAK), failed to reveal evidence of any NTmediated effects on these pathways in the PDACs under study (data not shown).
Acting mainly through the sortilin/NTR3 receptor, NT significantly reduced the level of migration in collectively migrating PDACs on vitronectin, while it significantly increased migration levels in individually migrating cells. As hypothesized in Fig. 4 , our data suggest that these effects could be due to the NTinduced modifications to integrin subunit expression (resulting in altered adhesion abilities) and the RhoGTPase activation levels with consequences for the organization of the actin cytosketelon. More particularly, in collectively migrating PDACs, NT-induced effects seem to be mediated through integrin β5 downregulation, the deactivation of the PI 3-kinase pathway, and Rho activation. In contrast, in individually migrating PDACs the NT-induced effects seem to be mediated through integrin β5 up-regulation, the activation of both the EGFR/ERK pathway and Rac1. Related NT-induced effects were recently observed in the human U373 glioblastoma cell line [42] . The motility on laminin (one of the main ECM components of glioma) of these individually migrating cells was upregulated by 10 nM NT-treatment, with this effect mediated through cdc42 and Rac1 activation. The versatility of the observed NT effects could, at least partly, shed new light on the reasons of failure of the NT receptor-based therapies in the case of PDAC.
In order to clarify the roles played by NT in pancreatic cancer as compared to the normal situation the present study could be interestingly completed by an analysis of the behavior of normal pancreatic cell lines under a NT treatment.
In conclusion, we are the first to show that neurotensin is able to modify the migration features of human pancretic ductal adenocarcinoma cells in vitro. These neurotensin-induced effects are mainly mediated through the sortilin/NTR3 receptor and are markedly influenced by whether cells migrate either individually or collectively.
